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Motivated by Pierre Auger Observatory results lavoring a heavy nuclear composition for ultrahigh- 
energy (UHE) cosmic rays, we investigate imphcations for the cumulative neutrino background. The 
requirement that nuclei not be photodisintegrated constrains their interactions in sources, therefore 
limiting neutrino production via photomeson interactions. Assuming a dNcn/dEcn oc Eq^ injection 
spectrum and photodisintegration via the giant dipole resonance, the background flux of neutrinos 
is lower than E^^i, ~ 10~^ GeV cm~^ s~^ sr~^ if UHE nuclei ubiquitously survive in their sources. 
This is smaller than the analogous Waxman-Bahcall flux for UHE protons by about one order of 
magnitude, and is below the projected IceCube sensitivity. If IceCube detects a neutrino background, 
it could be due to other sources, e.g., hadronuclear interactions of lower-energy cosmic rays; if it 
does not, this supports our strong restrictions on the properties of sources of UHE nuclei. 
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I. INTRODUCTION 

The much-anticipated era of high-energy neutrino as- 
tronomy seems near [l|, ^ . The IceCube detector at the 
South Pole is nearing completion Q, and the compa- 
rable KMSNet detector in the Mediterranean is being 
planned [4]. These and higher-energy neutrino detectors, 
e.g., ANITA Q, are expected to reveal unseen aspects of 
the extreme universe. 

One of the main goals is to identify the sources of the 
cosmic rays, a long-standing mystery. While cosmic rays 
below the knee at ~ 10^^'^ eV are likely produced by 
Galactic supernovae, those at higher energies have less 
certain origins. There is special interest in ultrahigh- 
energy cosmic rays (UHECRs) [6i], which have energies 
above the ankle at ^ 10^*'^ eV and which are almost cer- 
tainly from extragalactic sources. Plausible accelerators 
include active galactic nuclei (AGN) 0, [1], gamma-ray 
bursts (GRBs) d, [^, newly born magnetars [ill 
clusters of galaxies [H, [l^ . Neutrinos and gamma rays 
will be important diagnostics of UHECRs, either directly, 
by pointing to nearby sources, or indirectly, by the levels 
of the cumulative background fluxes from all sources. 

For the usually-assumed possibility that the UHECRs 
are protons, there is a large literature on neutrino pro- 
duction through photomeson interactions inside (e.g.. for 
AGN [il,[i3^RBs [ll,[p, newly born magnetars [Hi, 
and clusters [I4I) or outside (e.g., via the Greisen, Zat- 
sepin, and Kuzmin process |18j or a lower-energy vari- 
ant [131 ) sources. Due to large model uncertainties, more 
general arguments are useful. The Waxman and Bahcall 
(WB) [2011 and the Mannheim, Protheroe and Rachen 
(MPR) [21| upper bounds on the neutrino background 
follow from an assumption that the UHECR sources 
are at least semi-transparent to photomeson interactions, 
i.e., that each accelerated proton loses at most ^ 1/2 of 
its energy via this process before escape; the details are 



discussed below. These fluxes define reasonable land- 
marks to assess the sensitivity of neutrino telescopes (we 
use "landmark" instead of "bound" to emphasize that 
this is a nominal scale instead of an observational bound). 

Observations of UHECRs have recently been greatly 
improved by the High-Resolution Fly's Eye (HiRes) and 
the Pierre Auger Observatory (PAO). Both report a spec- 
trum cutoff at ~ 60 X 10^* eV |2^-[24|. For UHE protons, 
this is consistent with attenuation due to photomeson in- 
teractions with the cosmic microwave background [2^. 
For UHE heavy nuclei such as iron, as in models in 
Refs. [23 . [26I [23] , it is consistent with attenuation due 
to photodisintegration interactions with the cosmic in- 
frared background [Ulli]. 

Surprising new results suggest that UHECRs may be 
nuclei instead of protons. The UHECR composition is 
probed by the average depth of shower maximum, ATmax, 



and the r.m.s. fluctuations around it, SX„ 



while both 



are subject to uncertainties in the hadronic models, these 



are much less for 6X„ 



HiRes data on Xmax favor a 



proton composition 28]. However, with the larger PAO 

oth X 

nuclear composition is favored [2S 



data set, and results on both X„iax and JXmax, a heavier 



We derive new results for the neutrino background due 
to UHECR sources, taking into account that the PAO 
results would require that UHE nuclei survive photodis- 
integration interactions in their sources. Our landmarks 
for the neutrino background due to UHE nuclei are sig- 
nificantly lower than the analogous WB and MPR land- 
marks for UHE protons. For all these landmarks, neu- 
trinos are produced by photomeson interactions in the 
sources. The difference arises because the requirement 
that nuclei survive photodisintegration strongly limits 
the density of these target photons. We explore the con- 
ditions that set this landmark, as well as the caveats that 
apply to its use. 
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II. REVIEW OF NEUTRINO LANDMARKS 
FOR THE UHE PROTON CASE 

UHE protons may have photomeson and Bethe-Heitler 
pair-production interactions with radiation fields in 
sources. Landmarks for the neutrino and gamma-ray 
background fluxes can be obtained in relation to the 
cosmic-ray flux. Key inputs are the typical number of 
interactions for escaping cosmic rays and the normaliza- 
tion of their injection rate, which depends on their spec- 
trum. Photomeson interactions near threshold produce 
single pious, and charged and neutral pion decays pro- 
duce neutrinos and gamma rays, respectively. 

The WB landmark for the neutrino background from 
UHE proton sources [20] is based on three assumptions: 
(a) the effective optical depth for photomeson interac- 
tions is taken to the formal limit of unity for semi- 
transparent sources, (b) the injected cosmic-ray spec- 
trum is dNp/dEp cx Ep^, and (c) magnetic fields in 
the Universe do not affect the observed fiux of extra- 
galactic cosmic rays, i.e., magnetic confinement does not 
change the observed cosmic-ray spectrum. Assumption 
(c) becomes most relevant when assumption (b) is al- 
tered or not used, as for the more general but higher 
MPR landmark, which was constructed with constraints 
on the observed cosmic-ray fiux, and allows other classes 
of cosmic-ray sources below and above 10^^ eV; in this 
case, assumption (a) basically corresponds to the condi- 
tion that neutrons freely escape from sources (2l| . 

For these landmarks, sources are assumed to be semi- 
transparent for all loss processes, and fpj « Unt/tpj is 
the effective optical depth for photomeson interactions, 
where tp^ is the photomeson energy loss time and tint is 
the interaction duration for cosmic rays. (For UHECR 
sources such as GRBs, tint ~ ^dyn is used since tdyn ^ ^csc 
is typically assumed; when acceleration is escape-limited 
or particles leaving the acceleration region propagate in a 
persistent field, as in clusters, one should use tint ~ ^csc-) 
The WB landmark takes the formal limit fp^ 1 below. 
Strictly speaking, this does not mean fp^ — > 1 , but rather 
fp-y/{l — fp) 1, where /p < 1 is the effective optical 
depth for all loss processes, since only a fraction (1 — fp) 
of produced nucleons can leave the source to contribute 
to the observed cosmic-ray flux. 

For comparison to our results, we reproduce the 
WB landmark by using assumptions (a) and (b). We 
take the energy injection rate of UHE protons to be 
E^dNp/dEp « 0.6 X 10*4 erg Mpc"^ yr"! at lO^^ eV 
for a dNnldEr, oc Ep'^ spectrum, consistent with recent 
PAO results [3l[, as well as with the results from ear- 
lier experiments used in Refs. [20l . |30| . Though the in- 
jection spectrum shape may be different, as discussed in 
Ref . [m , this choice is reasonable for demonstration pur- 
poses. The WB landmark is obtained from 

^.'i>^-4/p7^i5p^- (1) 

Roughly speaking, about half of produced pious are 



charged, and muon neutrinos (f^ -I- Vf^) carry about half 
the pion energy. For cosmological parameters flm = 0.3, 
flA = 0.7, and Ho = 70 km s^^ Mpc~\ then « 
13.5 Gyr and the formal limit of fp^ — > 1 in Eq. ([T]) gives 

El^^ ~ 1.0 X 10-^ f, GeV cm-2 s"^ st-\ (2) 

where fz is the redshift evolution factor defined in Eq. (5) 
of Ref. [13] , and no-evolution and fast-evolution cases cor- 
respond to fz « 0.6 and fz « 3, respectively. (Here, as in 
Refs. [13, [la], we use fz, although £_z is used in Ref. [20|.) 
As long as the relevant assumptions hold for all sources, 
the WB and MPR fluxes give reasonably optimistic land- 
marks for the neutrino background, useful for comparing 
to the sensitivity of neutrino telescopes. Here and below, 
neutrino mixing is neglected, to allow direct comparison 
to previous work, and because the detectors are not sen- 
sitive only to muon neutrinos. 



III. RESULTS ON NEUTRINO LANDMARKS 
FOR THE UHE NUCLEI CASE 

If the UHECRs are nuclei instead of protons, the above 
landmark fluxes can be applicable (for the same require- 
ment on optical depth for photomeson interactions, the 
UHECR energy range probed is ^ A times higher). 

However, for nuclei in radiation fields, the photodisin- 
tegration process is even more important than the pho- 
tomeson process [13, [llj . We derive a new landmark for 
the neutrino background by using a new assumption (a') 
that UHECR nuclei survive photodisintegration in their 
sources and escape without losing their energy; this is 
more stringent than assumption (a). As long as the con- 
ditions and appropriateness of the underlying assump- 
tions are common in the sources, our nucleus-survival 
landmarks will work as indicative upper bounds, much 
like the WB landmark. 

For isotropic target photon fields, t he p hotodisintegra- 
tion interaction time tA-y is given by [3 21 ] 

c f°° dn 
^A^yi^A) ^ TTT I deaAj{e)s dee"^ — , (3) 

Jeth Je/2jA de 

where aA-y is the photodisintegration total cross section, 
e is the photon energy in the nucleus rest frame, eth is the 
threshold energy, and ea = jA'mAC^ is the nucleus energy 
in the source frame (or the comoving frame if the source 
is moving). Near threshold, photodisintegration occurs 
via the giant dipole resonance (GDR), a collective vibra- 
tion of nucleons. At increasingly higher energies, quasi- 
deuteron emission, baryon resonances, and fragmentation 
become more relevant. In many astrophysical situations, 
the GDR mode is dominant, due to the falling spectra 
of cosmic rays and target photons, and we focus on such 
cases. In addition to assumptions (a') and (b), this is 
an assumption required to obtain our landmark fluxes. 
Possible non-GDR effects are discussed later. 
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A. Condition on Photodisintegration Optical 
Depth 

To calculate the photodisintegration rate, we as- 
sume that the target photon spectrum is a power-law, 
dn/de = no(e/eo) as typically expected for sources 
such as GRBs and AGN. If the photon spectrum is suf- 
ficiently soft (a > 1), the photodisintegration cross sec- 
tion can be approximated by the GDR cross section as 
o-Af ~ a nr,f tS(e - £gdr)A£gdr HI, H^]. Then we 
have [lol. ISq 
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1 + a sgdr \ Eao 
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where ctgdr ~ 1-45 x 10 "^"^A cm^ is the GDR cross sec- 
tion, EGDR w 42.65y4-°-2i MeV {0.925A^ '^^^ MeV) for 
A > 4 (A < 4), and Aegdr 8 MeV [H. Here, 
Eao — £aoS — O-Buiac^SgdrS / Eq is the energy of a nu- 
cleus interacting with a photon with Eq, where S is the 
Doppler factor that should be taken into account if the 
source is moving. The optical depth for photodisintegra- 
tion is given by taj ~ ti^t/tA-f- 

As noted above, photomeson production occurs on nu- 
clei as well as on nucleons, leading to the production of 
neutrinos [s^l • This happens when the energy of a target 
photon exceeds the pion production threshold in the rest 

A 



'PI 



frame of a nucleus. The cross section is tTmcs 
(neglecting shadowing) and the energy fraction carried 
/A (treating the other nucleons as 



by pions is k^c-. 
spectators). We avoid a more detailed treatment of pho- 
tomeson production in nuclei, for which the difficulties 
may be unnecessary for many astrophysical applications. 
Using the A-resonance approximation for the same target 
photon field as for photodisintegration, the photomeson 
energy loss rate is |J0;, .15] 



2£ono 
1 a 



CfTAKA- 



AeA / Ea 



SA 



E 



(mc 
AO 



(5) 



where a a ~ 4.4 x 10"^^ cm^, ea « 0.34 GeV, As a ^ 
0.2 GeV, and ka ^ 0.2, and these values are taken 
from the photomeson production process [l^. Here, 



(mes) 
AO 



£|^7'^(5 ~ 0.5mAc^eAS/eo ^ 19(^/56) 



From Eq. JS]), we expect imcs(^^^J°*'^^ 



0.21 : 



Eao- 

tp-iiEpo), where 

EpQ ~ 0.5mpC^£A^/eo — 0.33(yl/56)^" ''''i<^^o- Hence we 

obtain frnesiE'^^''^) ^ fpiiEpo), as long as Unt is the 
same for nuclei and protons. This means that the re- 
quirement of nucleus-survival limits the flux of photome- 
son neutrinos from protons as well as that from nuclei. 
Then, from Eqs. and ([5]), we have 



f p(m<=s) 
mcsy-C^AO 



a AH A Asa £gdr 

fGDR AegDR £A 



TA-yiEAo)- (6) 



This is essentially the same as Eq. (16) in Ref. [lOrl (but 
note that ta-^ in this work was defined as fiq-y there). 



FIG. 1: Landmarks for the neutrino background from 
UHECR (injected as dNcn/dEcB. oc E^^) photomeson in- 
teractions in sources, compared to the projected IceCube 
sensitivity and the atmospheric neutrino background. The 
Waxman-Bahcall line for protons is formally set by the upper 
bound on photomeson interactions in sources {fp^ < 1). Our 
lines for nuclei are set by the upper bounds on photodisinte- 
gration interactions in sources {rA-y < !)• Fast redshift evolu- 
tion is used, and arrows indicate the change for no-evolution. 



It is the relation between photodisintegration and pho- 
tomeson production rates, which depends only on fun- 
damental quantities such as the cross section, though it 
is justified only when the resonance approximations are 
valid. The requirement of "complete" nucleus-survival 
at arbitrary energies (up to the maximum energy), i.e., 
TA'j < 1, then leads to 



/n 



fp-y ^ 1-5 X 10" 



\A/56y 



(7) 



where cases with A > 4 are considered. (Hereafter we 
show cases with A > A only, since it is straightforward 
to derive expressions for A < 4.) For comparison, recall 
that the WB flux is formally set by fp^ < 1 in Eq. ([T]). 
Similarly to Eq. ([T]), the background flux is written as 



E?,<i>, 



If f2 dNA 

^ Jmcs ^A ' 



dEA 



(8) 



As a result, for a -Egr spectrum, the neutrino (i^^ + t'^) 
background flux is 



E?,<i>, 



< 1.5 X lO-^^f,{A/56y 



GeV cm 



-2 sr-1. 



(9) 

The resulting landmarks are shown in Fig. [TJ where they 
are compared to the projected IceCube three-year sensi- 
tivity for a spectrum Q, as well as the estimated 
atmospheric neutrino background (taken from Ref. [l|, 
with the spectrum assumed to be oc E~^ above 1 PeV). 
The small background fluxes, which will be hard for Ice- 
Cube and KMSNet to detect, follow from the strong up- 
per limit on interactions with the radiation fleld required 
so that all UHECR sources satisfy taj < 1 • It is particu- 
larly strong when an iron-like composition is assumed as 
an explanation of the PAO data, as in Refs. (2^ [27j. 
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Although we have discussed only neutrinos from pion 
decay, they are also produced by neutron decay following 
photodisintegration. However, these neutrinos give lower 
background fluxes. The typical neutrino energy in the 
neutron rest frame is ~ 0.48 MeV, and ta-j < 1 gives 



El^^, < 1.9 X 10-13/^(^/56)" 
for electron antineutrinos. 



GeV 



B. Condition on Photodisintegration Effective 
Optical Depth 

The PAO composition results are still uncertain, and 
it is possible that the composition is mixed rather than 
iron-like. Also, perhaps a moderate fraction of nuclei 
undergo photodisintegration interactions in their sources, 
such that the requirement ta-y < 1 might be too strong. 
Instead of this, it would be more conservative to define 
a condition on the photodisintegration energy loss time 
tdis for nuclei of initial mass A. 

After a heavy nucleus with A (e.g., iron) experiences 
one photodisintegration interaction via the GDR, the 
atomic number is A — 1, which is still heavy. For the 
first interaction, the fractional nuclear energy loss, i.e., 
the inelasticity, is roughly kqdr ~ 1/A around the GDR 
resonance (since 7^ is conserved before and after single- 
nucleon emission by the GDR) . The photodisintegra- 
tion energy loss time is roughly estimated by multiplying 
Eq. Q by kgdr (or one can evaluate it numerically in a 
somewhat different manner [26|). Then, the more conser- 
vative requirement of nucleus-survival is that the effective 
(energy-loss) photodisintegration optical depth is smaller 
than unity, i.e., /a^ « tint/^dis ~ UntUGBR/tA-f < 1- 
Then, instead of Eq. ([7]), we have 
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<8.2xlO-\A/56r°-^\ (10) 



FIG. 2: The same as Fig. 1, but the photodistintegration 
bound is defined instead by /a-, < 1- 



which is still lower than the WB landmark by one order 
of magnitude. The near- ^-independence of this result is 
a consequence of the fact that ctgdr kqdr ~ ^(1/^) ^ 
1; in the previous subsection, the term kgdr was not 
included. The results are shown in Fig. [51 

The neutrino background from nuclei accelerators was 
briefiy considered in Ref. [38|, where it was argued that 
this flux is much smaller than the WB flux. Our work 
is different, since we quantitatively take into account the 
nucleus-survival condition, showing that it is crucial to 
constrain properties of the sources, and that it leads to 
a small but appreciable neutrino flux. 

Similarly to Eq. (jl2p . the landmark for neutrinos 
from neutron decay following photodisintegration can 
be obtained; the condition /aj < 1 leads to E"^^,, < 
10-"/^(A/56)"°-^i GeV cm-2 g-i sr"! for electron an- 
tineutrinos. 



This is larger than that in the previous subsection since 
some photodisintegration is now allowed. 

The corresponding nucleus-survival landmark for the 
neutrino background is analogous to Eq. ([5]). However, 
when nucleons are ejected from nuclei via the GDR, 
both the nuclei themselves and the ejected nucleons pro- 
duce neutrinos via photomeson interactions. Instead of 
Eq. ([S]), in more generality, we have 

El<f. « l^[U,iEA/A)fA,iEA) 

+ UUEA)il~fA,{EA))]El^, (11) 

where we have still assumed /a^j < 1. However, be- 
cause fpj{EA/A) ^ fnicsiEA), this becomes the same 
as Eq. ([8]). Hence, similarly to Eq. ([9]), the neutrino 
(j/^ -|- D^) background flux is 

El<^^ < 8.4 X 10-i°/^(^/56)'°-^^ GeV cm'^ si--\ 

(12) 



C. Dependence on Spectral Index 



The nucleus-survival landmarks expressed in Eqs. © 
and (|12p were derived for a E^^ spectrum. Different in- 
dices are allowed from UHECR observations, depending 
on source evolution models. Here, modifying assumption 

(b), we consider the case where = I]a>i (ffj) = 

Sa>i (va^) with ^ oc E^'. Here, yA is the frac- 
tion of nuclei with mass A. As an example, assuming a 



two-component case, Eq. ([TJ is replaced by 



1 ctn 
4 An 



r j,2 dNp 
f dEr. 



fuiGS ^ J 



dNA 

^dEA 



, (13) 



where we have used fpj{EA/A) ^ /mcs(^^A)- For 
the UHECR energy injection rate at 10^^ eV, we use 
El^dNcR/dEcK = 0.6 x(s- 1)10^4 ergMpc'^ yr"! P. 

To set landmarks, we take only the larger of the two 
terms above (one for protons, one for nuclei). A neutrino 
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FIG. 3: The same as Fig. 2, but the UHECR are injected as 

dNcBjdEcR OC £cR^- 



of energy can be produced by a proton of energy Ep sa 
20Ei, or a nucleus of energy Ea ~ 20 AE^; the cosmic- 
ray energy flux is smaller (larger) at the higher energy 
for s > 2 (s < 2). For s > 2, Eq. ([H]) is replaced by 

-E^*^ < 8.4 X 10"^° GeV cm"^ s^^ sr^^ 

X MA/56)-°-'Hs--l)Ely,,,. (14) 



For s < 2, Eq. ([T2|) is replaced by 



-10 ^„v cm-2 .-1 1 

1.79-s/„ iNrf-s 



Et'S^i^ ^ 8.4 X 10"^" GeV cm"^ s"^ sr 



X /,(A/56)^-'^-^(s-l)<ll95. (15) 
Results for an example with s > 2 are shown in Fig. [31 

D. Dependence on Composition 



Our resuhs in Eqs. ©, (HI]), ^ and ^ do not 
depend on the composition itself. They do have A- 
dependence, which comes from which nucleus is adopted 
for the nucleus-survival condition. Generally speak- 
ing, the requirement fA-y < 1 (or ta-j < 1) leads to 
composition-dependent landmarks, since Eq. ([T3| implic- 
itly includes i/a- However, we can define our landmark by 
just the largest of the composition-dependent terms, as 
done in deriving Eqs. (|14p and (jl5p . The energy of a nu- 
cleus producing a neutrino with energy E^, is higher than 
that of a proton producing a neutrino with energy E^. 
For s > 2, the first term in Eq. (|13p is more important. 
Thus, for the same i/a, more neutrinos with E^, come from 
protons than from nuclei. For s < 2, the second term is 
more important, and the situation is reversed. For s — 2, 
because fp^{EA/ A) ^ fmcs{EA), the landmark neutrino 
fiux is already independent of the composition. 



E. Discussion of Applicability 

While our results are general, they must be accompa- 
nied by some caveats. 

First, our arguments are valid only when the photodis- 
integration and photomeson interactions are both gov- 
erned by resonances (the ratio of our nucleus-survival 
landmark and the WB landmark essentially follows from 
the relative properties of the GDR resonance and the 
A resonance). In principle, non-resonance effects could 
be important over a broad energy range. For example, 
in the high-energy limit, photodisintegration is governed 
by fragmentation, where many pions and nucleons are 
produced, and then one would not expect a significant 
difference between /mcs (or fp-y) and Jat However, in 
many astrophysical situations, both the photodisintegra- 
tion and photomeson processes are well-described by res- 
onance approximations as lon g as the target photon spec- 
trum is soft enough [l3, l2ll l36l |37| . For a power-law 
photon spectrum with a ~ 2, the resonance approxima- 
tions are good HH, : and our landmarks are vahd; 
if a ~ 1, non-resonance effects are moderately impor- 
tant [ll|2l|, 113, H, 1131. For a black-body photon spec- 
trum with temperature T, the energy loss rate is maximal 
around Eao — O.SmAC^eGDR'^/fcr, so that one only has 
to consider the nucleus-survival condition at this energy 
as long as the injection energy of nuclei is lower than 
Eao- Thus, in practice, our results would be valid when 
the targets are radiation fields with sufficiently soft spec- 
tra, as considered here. 

On the other hand, for hadronuclear processes, includ- 
ing the pp interaction, where the non-resonant region is 
crucial except near the pion-production threshold, our 
results would not be valid. At high energies, this cross 
section is OAp ~ 5 x 1Q~^^A^/^ cw? (in the shadowing 
limit), where spallation, fragmentation and meson pro- 
duction occur. Detailed studies would be required for 
nucleus-survival landmarks in such cases, and are beyond 
the scope of this work. 

Second, in deriving Eqs. ([7]) and pH)) . we implicitly 
assumed that ti-at is the same for nucleons and nuclei. 
For transients such as GRBs, tint ~ ^dyn is expected. 
But for persistent sources, one may expect tint ~ ^osc, 
and the escape time may be different between the two. 
In addition, particle escape could be related to another 
problem. Since the landmarks are normalized by the 
UHECRs, assumption (a') implies that all the UHE- 
CRs accelerated in the sources contribute to the observed 
UHECR flux (i.e., the effective optical depth for all loss 
processes /a ^ 1). This might be true, especially at the 
highest energies; for example, for GRBs we may expect 
^csc ~ idyn ~ ^acc ^ icool fio!] ■ But, if the escapc time 
is too long, cosmic rays might lose their energies before 
escape, via adiabatic or radiative cooling, and so on (for 
UHE nuclei sources, we cannot use the neutron escape 
mechanism, which may work in UHE proton sources). 
This potentially allows hidden accelerators, where a sig- 
nificant fraction of accelerated cosmic rays would not con- 
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tribute to the observed cosmic-ray flux; this would then 
produce more neutrinos than expected. Particle escape is 
one of the open problems in particle acceleration theories 
and we avoid further considerations for simplicity. 

Third, assumption (a') might be too strong in the sense 
that the nucleus-survival condition might not be satis- 
fied ubiquitously. This condition is sensitive to UHECR 
source properties, which are uncertain, and which may 
have a large diversity. As an example, suppose that 
the nucleus-survival condition is satisfied for ~ 9/10 of 
sources, but not for ^ 1/10 of sources, and that the lat- 
ter have high target photon densities, as for the WB flux. 
As a result, the neutrino background flux could exceed 
Eqs. ([12]) or (HH) or ([15]). For this example, taking s = 2, 
the flux would be roughly doubled compared to the land- 
mark flux expressed in Eq. (|12p. 

Fourth, landmark fluxes are derived for a speciflc as- 
sumed cosmic-ray injection spectrum. In more generality, 
as in Ref. [2l|, "bounds" could be obtained by compar- 
ing with all cosmic-ray data. In the case of nuclei, one 
would need to compare to both spectrum and composi- 
tion data, which would require calculating cascades for 
nuclei inside and outside the sources. Such detailed cal- 
culations are deferred here, because Eq. (|12p for s = 2 
and Eq. (jl4p for s > 2 are enough for demonstration pur- 
poses, and the composition data are not yet adequate. In 
addition, when assumption (b) is not adopted, we would 
have to take more care with assumption (c) (see, e.g., 
Refs. [ill for effects of cosmic magnetic fields). Nuclei 
are more easily deflected by magnetic flelds, so then the 
landmarks might not be so stringent. 



IV. CONCLUSIONS 

If the PAO data correctly indicate that UHECRs have 
a heavy composition, then a significant fraction of nu- 
clei must survive photodisintegration interactions in their 
sources (further, some sources must be nearby, since nu- 
clei from distant sources cannot avoid photodisintegra- 
tion en route). For probing the density of target photons 
in sources, nuclei are special compared to protons, since 
interactions lead to changes in composition and energy, 
and not just a change in energy. For UHE protons, the 
effective requirement fp^ < 1 is theoretical, not obser- 
vational, and fp~f > 1 is allowed in principle [2l|. For 
UHE nuclei, the requirement fA-y < 1 in typical sources 
seems to be observationally required by the PAO results, 
though see the caveats above. More detailed discussions 
must wait for more precise composition results. 

We present new, theoretically-indicated landmarks for 
the cumulative neutrino background, following from the 
condition of nucleus-survival in UHECR sources. If this is 
satisfied in all UHECR sources, then the resulting land- 
mark neutrino flux is at least one order of magnitude 
smaller than the WB flux for UHE protons. Detection 
in IceCube or KMSNet of the neutrino background pro- 
duced by the photomeson interactions of UHE nuclei in 



their sources could be challenging. While not equivalent 
to experimental bounds, our landmarks are less model- 
dependent than predictions for specific sources, and will 
be useful as general probes of UHECR sources and for 
assessing the sensitivity of neutrino telescopes. For some 
specific models in which UHE nuclei survive in their 
sources, e.g., the various GRB models of Ref. [l^l, the 
neutrino fiuxes are below our landmarks, as expected. 
Thus our results indicate reasonably optimistic neutrino 
background fluxes. 

Although our arguments can be applied to the neu- 
trino background produced inside sources of UHE nuclei, 
they cannot be applied to the cosmogenic neutrino fluxes 
produced outside these sources. This is because assump- 
tion (a') will not hold; for example, the energy attenua- 
tion length of iron is ~ 100 Mpc at - 10^° eV [261, |3^, 
which implies that UHE nuclei from very distant sources 
are significantly disintegrated. As a result, the fiuxes 
of cosmogenic neutrinos from nuclei strongly depend on 
the spectral index, maximum energy and source evolu- 
tion |42| . If the maximum energy is very high, those 
nuclei are completely disintegrated and the emitted nu- 
cleons undergo photomeson interactions, similarly to the 
case where protons are initially injected. However, one 
expects that such cases would conflict with the PAO com- 
position data. Detailed works suggest that the cosmo- 
genic neutrino flux in the nuclear case would be much 
smaller than that in the proton case |42|. 

As discussed, if a fraction of sources violate assump- 
tion (a'), then the neutrino flux can exceed the nucleus- 
survival landmark. Future neutrino observations can test 
this. Recent neutrino observations are already almost 
reaching the WB landmark for "integral" limits (where 
power laws are assumed over a few decades) Q, sug- 
gesting that hidden neutrino sources are excluded and 
that assumption (a) is indeed reasonable. Similarly, if 
assumption (a') is valid, IceCube and KMSNet may not 
see neutrinos from UHECR sources. If IceCube sets a 
tight limit on the neutrino background, this would sug- 
gest that almost all sources do have the low target photon 
densities required for nucleus-survival. If IceCube mea- 
sures a larger flux, this might still be largely true, though 
there are other possibilities. One is that there could be 
some proton sources or hidden accelerators. Another is 
that neutrinos are also produced via hadronuclear pro- 
cesses, e.g., such as clusters of galaxies [l7| . 

To reveal the accelerators of UHECRs, detections of 
gamma rays are also important. Especially, signals 
unique to UHECR accelerators are needed. For UHE pro- 
ton sources, there could be UHE pionic gamma rays [i^ 
and GeV synchrotron gamma rays [iij. For UHE nu- 
clei sources, there could be TeV-PeV gamma rays from 
nuclear de-excitation following photodisintegration |45|. 
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